Combined effects of electron correlations and lattice distortions are investigated on the charge ordering in θ-(BEDT-TTF)2RbZn(SCN)4 theoretically in a two-dimensional 3/4-filled extended Hubbard model with electron-lattice couplings. It is known that this material undergoes a phase transition from a high-symmetry metallic state to a low-symmetry insulating state with a horizontalstripe charge order (CO) by lowering temperature. By means of the exact-diagonalization method, we show that electron-phonon interactions are crucial to stabilize the horizontal-stripe CO and to realize the low-symmetry crystal structure.
I. INTRODUCTION
Two-dimensional (2D) strongly correlated electron systems have attracted much attention in condensed matter physics. For bis(ethylenedithio)-tetrathiafulvalene (BEDT-TTF) salts, which are 2D strongly correlated organic conductors with various molecular arrangements, 1,2 many theoretical scientists use the extended Hubbard model in order to understand the role played by long-range Coulomb interactions. It should be noted that not only electron-electron interactions but also electron-phonon couplings can be significant because the crystal structure is often altered at a phase transition. These materials exhibit many interesting phenomena such as metal-insulator (M-I) transitions with charge ordering, the realization of a spin liquid state, 3 superconductivity, 4 and so on. In particular, transitions to states with a charge order (CO) have been investigated theoretically 5, 6, 7, 8, 9 and experimentally.
10,11
θ-(BEDT-TTF) 2 RbZn(SCN) 4 (called θ-RbZn for simplicity hereafter) is a representative compound which undergoes a CO transition accompanied with a structural deformation by lowering temperature. 10, 11 The ground state of the θ-RbZn salt is an insulator with the horizontal-stripe CO along t p4 bonds (HCO-t p4 ) shown in Fig. 1(b) , where sites 1 and 4 are hole-rich, as confirmed by the X-ray structural analysis, 12 13 C-NMR measurements 13, 14 and polarized Raman and IR spectroscopy. 15, 16 The importance of long-range electronelectron interactions is well recognized and the mechanism for stabilizing the HCO-t p4 has been argued mainly on the basis of the low-symmetry structure. Because the lattice distortions are coupled with the electron system, giving rise to the first-order transition sensitive to the crystal structure, electron-phonon interactions are also important.
Quite recently, Iwai et al. have observed photoinduced melting of CO in the θ-RbZn salt and in α-(BEDT-TTF) 2 I 3 (called α-I 3 for simplicity hereafter) by femtosecond reflection spectroscopy. 17 The θ-RbZn and α-I 3 salts show large and small molecular rearrangements, respectively, at the M-I transition. Their photoinduced dynamics are qualitatively different: the θ-RbZn salt shows local melting of CO and ultrafast recovery of CO irrespective of temperature and excitation intensity, while the α-I 3 salt shows critical slowing down. Thus, it is important to show how electron-phonon interactions are significant in the θ-RbZn salt. This paper is organized as follows. After a brief explanation of the model in the next section, we present the exact-diagonalization results in Sec.III for the hole-hole correlation functions, the hole densities, and the modulations of transfer integrals, from which we propose that the low-symmetry structure of the θ-RbZn salt at low temperature is reproduced by introducing electron-lattice couplings in the model based on the high-symmetry structure at high temperature. Then, in Sec.IV, we discuss the numerical results on the basis of a perturbation theory from the strong-coupling limit. A brief summary is given in Sec.V.
II. MODEL
We start with the following extended Hubbard model at 3/4-filling with electron-phonon couplings of transfermodulation type,
where c † i,σ creates an electron with spin σ at site i, n i,σ = c † i,σ c i,σ , and
is the transfer integral for the bond between the i-th site and its nearest-neighbor j-th site along the c, p1 or p4 bond. i, j c and i, j p denote the nearest-neighbor pairs i and j along the c bond and the p bond, respectively. U represents the on-site Coulomb interaction, and V c(p) is the intersite Coulomb interaction between the ith site and the j-th site on the c(p)-bond. u i is the ith molecular translation or rotation explained later from the equilibrium position in the high temperature phase. α µ and K µ are the electron-phonon coupling strength and the elastic coefficient, respectively. For simplicity, we perform variable transformations as
III. NUMERICAL RESULTS
We show energy values in the unit of electron volt (eV) in the following. For electron-phonon couplings, we consider three kinds of molecular displacements: translations in the c-direction (u c ), those in the a-direction (u p1 ), and rotations (u p4 ) as discussed in terms of elevation angles by Watanabe et al. 12 We suppose that translations in the c(a)-direction contribute to modulations of the transfer integrals on the c1-(p1-) and c2-(p3-)bonds. We also assume that molecular rotations produce differences between the transfer integral on the p2-bond and that on the p4-bond. Then, the modulated transfer integral on each bond reads
The signs here are so determined that y µ > 0 corresponds to a deviation from the high-temperature crystal structure toward the low-temperature one of the θ-RbZn salt.
In this section, we adopt U = 0.7 and V c , V p ≤ U/2. 18, 19, 20 Typical values for transfer integrals t µ in BEDT-TTF salts are estimated from the extended Hückel calculation. 21 We suppose here from the experimental data 12 that t HT c = 0.035, t HT p1 = 0.095, and t HT p4 = −0.095 correspond to the high-symmetry structure at high temperature, where the p1 and p4 bonds are equivalent.
We use the exact-diagonalization method for electrons, regard phonons as classical variables, and apply the Hellmann-Feynman theorem to impose the selfconsistency condition on the phonons (y c , y p1 , y p4 ) determined by
We vary mainly coupling strengths, s c , s p1 , and s p4 .
A. Case without electron-phonon couplings
At the beginning, we clarify the ground-state properties of the model (1) in the absence of lattice distortions. In this case, the exact-diagonalization studies of the 4×4-site cluster show that the hole densities are uniform ( n h i = 1 − n i = 0.5) in any combination of V c and V p (not shown). Degenerate CO states are mixed owing to the finite-size effect. Then, we have calculated correlation functions in this cluster. Figure 2 shows the hole-hole correlation functions without electron-phonon couplings on the V c − V p plane. Here, the vertical-stripe CO is the largest correlation. In the ground state with comparable V c and V p , the diagonal-and the vertical-stripe COs coexist. Regarding the steep variation in the contour plots of the correlation functions in Fig. 2 as a phase boundary, we obtain the ground-state phase diagram on the V c -V p plane in Fig. 3 . The phase diagram consists of three uniform phases with different hole-hole correlations; the coexistent phase (I), the phase with dominant vertical-stripe CO correlation (II), and the phase with dominant diagonal-stripe CO correlation (III). This phase diagram is consistent with the previous work. 22 The most important thing here is that we cannot find the horizontal-stripe CO phase in any combination of V c and V p , which is observed experimentally in the θ-RbZn salt at low temperature.
Below we mainly use V c = 0.31, V p = 0.27 in phase I of Fig. 3 , where this ratio of V c /V p is regarded as appropriate for the θ-RbZn salt. 23 To check whether these values themselves are appropriate, we have calculated the optical conductivity spectra by means of the continued fraction expansion to show them in Fig. 4 . 24 It is found that for both polarizations E they have a broad peak around ω∼0.4 eV and the conductivity for E a is larger than that for E c, which are consistent with the experimental findings.
25 Therefore, these interaction strengths are quite reasonable.
B. Case with electron-phonon couplings
Each of the three kinds of electron-phonon couplings is studied at the particular point of V c = 0.31 and V p = 0.27 by the exact diagonalization. Because we need to obtain the displacements consistently with bond densities, we used the smaller system of the 12 sites hereafter and compared some results with those of the 16-site cluster. The conclusion is found to be unchanged and, in fact, understood from the perturbation theory from the strongcoupling limit, as discussed later.
First, we see the effect of molecular rotations (s p4 ). The s p4 -dependence of the modulations of transfer integrals and the hole densities is shown in Fig. 5(a) with s c = s p1 = 0 fixed. For small s p4 , as all the phonons are undistorted and the hole densities are uniform ( n h i = 0.5), the ground state remains the coexistent state of the vertical-stripe CO and the diagonalstripe CO. With increasing s p4 , the system discontinuously changes at a critical point s cr p4 ∼ 0.04, to the CO state of broken symmetry. This CO pattern is the HCO-t p4 ( n 12 Therefore, the coupling with molecular rotations (s p4 ) plays an important role to realize this HCO state. It is noted that y p4 increases almost linearly after the critical point where the HCO-t p4 state is stable. This discontinuous change at the critical point would be caused by the finite-size effect: the undistorted state is stabilized by quantum tunneling between different CO states, but its energy gain would vanish in the (1) on the 4×4-site cluster for electric fields, E a (thin line) and E c (thick line). We use U = 0.7, Vc = 0.31 and Vp = 0.27. The δ-functions appearing in the continued fraction expansion are broadened with width η=0.01. thermodynamic limit. In fact, y p4 rises up linearly by infinitesimal s p4 in mean-field calculations, 26 so we guess that the critical point approaches zero in the thermodynamic limit.
Next, we consider the effect of translations in the c-direction (s c ). For large s c , they also stabilize the HCO-t p4 state as shown in Fig. 5(b) . In the case of s c , the charge disproportionation between the hole-rich sites ( n The situation regarding s p1 is quite different from the cases of s p4 and s c . The s p1 -dependence of the transfer modulations and the hole densities at four sites is shown in Fig. 5(c) . In the presence of only y p1 , which represents translations in the a-direction, the CO pattern is still a horizontal-type but the holes are localized on the t p1 and t p3 bonds. Thus, the experimental findings are not reproduced if only s p1 exists.
From Figs. 5(a)-5(c), we conclude that the effects of molecular translations in the c-direction (s c ) and molecular rotations (s p4 ) are stronger than that of translations in the a-direction (s p1 ) in this salt. We also come to the same conclusion in the other phases of Fig. 3. In Fig.  6 , we perform the same calculations (except for the parameters shown) as in Fig. 5(a) for phases II and III. The s p4 -induced HCO-t p4 state is stable in both of phases II and III when s p4 is large enough. Therefore, this characteristic phonon-induced feature is widely obtained on the V c -V p plane, including V c = V p = 0 (irrespective of hole-hole correlations in the uniform ground state without electron-phonon couplings).
Finally, we simultaneously take the three kinds of displacements into account. Considering a situation with thermal-or pressure-induced expansion or compression, we vary intersite Coulomb interactions. In Fig. 7 , we show the modulations of transfer integrals and the hole densities as a function of nearest-neighbor Coulomb interactions. For small r, only y p1 is finite with y c and y p4 being zero. This situation is quite similar to Fig. 5(c) , and hence the most stable state is the HCO-t p1 &t p3 . As r approaches unity, which is a realistic value for θ-RbZn, the experimentally observed HCO-t p4 state becomes more stable than the HCO-t p1 &t p3 by gradually increasing y c and y p4 and rapidly decreasing y p1 . In the vicinity of r = 1 for s c = 0.05, s p1 = 0.17, and s p4 = 0.06, y c and y p4 approximately correspond to the low-symmetry structure of θ-RbZn at low temperature.
From the X-ray structure analysis, 12 the molecular translations in the c-and a-directions are found to be u c ∼ 0.13Å and u p1 ∼ 0.15Å, and the corresponding distortions are y c = 0.0185eV and y p1 = 0.0735eV. They give α c ∼ 0.14eV/Å and α p1 ∼ 0.47eV/Å. The present coupling strengths s c = 0.05eV and s p1 = 0.17eV lead to K c ∼ 0.38eV/Å 2 and K p1 ∼ 1.32eV/Å 2 . A rough estimation of phonon frequencies by ω µ = K µ /m with m being the reduced mass of two BEDT-TTF molecules shows ω c ∼ 23cm −1 and ω p1 ∼ 43cm −1 , which are quite reasonable values.
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As r further increases beyond two, all modulations approach zero. In particular, y p1 decreases monotonically. We explain these behaviors with a perturbation theory from the strong-coupling limit in the following section. Thus, electron-phonon interactions are crucial to stabilize the horizontal-stripe CO and to realize the low-symmetry structure of θ-RbZn at low temperature. All these results are consistent with mean-field studies of the same model. 
IV. DISCUSSION
In this section, we consider why the HCO-t p4 is the most stabilized by the electron-phonon couplings. It is easily understood in the strong-coupling limit. We assume that, in this limit, the holes are perfectly localized on the t p4 bonds, namely n h 1 = n h 4 = 1 as shown in Fig. 1(b) . In the ordinary perturbation theory, the second-and third-order contributions to the energy per site read
where S i is the S = 1/2 spin operator at the i-th site on the t p4 bond. In the strong-coupling limit, the onedimensional half-filled chain is formed along the t p4 bonds and chain. According to the third term in Eq. (5), there is energy gain from spin fluctuations, so that the groundstate energy of the HCO-t p4 state is further lowered by increasing |t p4 |. On the other hand, because all terms in Eq. (6) are positive, E 3 represents energy loss. When |t p4 | becomes large, |t c1 | becomes small to reduce the energy loss. From the relations (3), |t c2 | becomes large and |t p2 | becomes small.
Equations (5) and (6) can be rewritten as
where a, b and c i (i = 1, 2, 3) are independent of y µ , and t HT p4 < 0 < t HT c . Note that we ignore y 2 µ in deriving the above equations, and the coefficients c i are positive under the condition 2V c ≥ V p . We can infer from Eq. (7) that y p4 increases linearly as a function of s p4 when the ground state is the HCO-t p4 state. Because of the high symmetry with respect to y p1 ↔ −y p1 , Eqs. (7) and (8) are independent of y p1 . Once the distortions y p4 and y c are substantially large, however, the distortion y p1 is numerically found to stabilize the HCO-t p4 further.
Before closing this section, we make a brief comment on the spinless fermion case. 27 In the U → ∞ limit of the model(1), the HCO state becomes unstable even if the modulations of the transfer integrals are introduced because the energy gain from spin fluctuations is absent. Thus we demonstrate that cooperative effects of electron correlations and electron-phonon couplings are important in the θ-RbZn salt. The stability of the HCO state relative to the diagonal CO state suggested in the spinless fermion case without electron-phonon couplings 27 might be caused by the absence of phase factors, which are present if the U → ∞ limit is naively taken.
V. SUMMARY
We have investigated the cooperative effects of electron correlations and lattice distortions on the charge ordering in the θ-RbZn salt. By means of the exactdiagonalization method for systems with up to 16 sites, we have calculated the hole-hole correlation functions, the hole densities and the modulations of transfer integrals to clarify the role of electron-phonon couplings in this salt.
In the absence of electron-phonon interactions, there appear three uniform phases characterized by quantum tunneling between the vertical-stripe COs, that between the diagonal-stripe COs, and that between the verticaland the diagonal-stripe COs. It is found that all of these phases are changed into the horizontal-stripe CO by the introduction of electron-phonon couplings relevant to the θ-RbZn salt. We can mostly reproduce the lowsymmetry structure of θ-RbZn at low temperature by using the model based on the high-symmetry structure at high temperature and by choosing the coupling strengths appropriately.
We conclude that the structural deformation assists the horizontal-stripe CO that is experimentally found.
12
In particular, the effects of molecular translations in the c-direction and molecular rotations are found to be stronger than that of translations in the a-direction. Thus, electron-phonon couplings are significant to stabilize the HCO-t p4 and to realize the low-symmetry structure of θ-RbZn. Otherwise the long-range Coulomb interactions favored a different CO pattern. With the help of the perturbation theory from the strong-coupling limit, we easily understand the mechanism for stabilizing the HCO-t p4 state and the linearly increasing y p4 and y c modulations.
